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Abstract: Although large diameter vessels made of polyurethane materials have been widely
used in clinical practice, the biocompatibility and long-term patency of small diameter artificial
vessels have not been well addressed. Any technological innovation and advancement in small-
diameter artificial blood vessels is of great interest to the biomedical field. Here a novel technique
is used to produce artificial blood vessels with a caliber of less than 6 mm and a wall thickness
of less than 0.5 mm by rotational exposure, and to form a bionic inner wall with a periodically
micro-nano structure inside the tube by laser double-beam interference. The polyethylene
glycol diacrylate used is a widely recognized versatile biomaterial with good hydrophilicity,
biocompatibility and low cytotoxicity. The effect of the bionic structure on the growth of
hepatocellular carcinoma cells and human umbilical vein endothelial cells was investigated, and
it was demonstrated that the prepared vessels with the bionic structure could largely promote the
endothelialization process of the cells inside them.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the last two decades, with the development of human technology and the improvement of
living standards, cardiovascular and cerebrovascular diseases have become the number one killer
among human diseases worldwide, among which the occlusive diseases, mainly atherosclerosis,
are the most representative. [1]. The most effective treatment for these diseases is the timely
replacement of blood vessels, [2,3] and the limited availability of autologous blood vessels and
homologous vessels has led to the widespread clinical use of artificial blood vessels, of which
medium and large caliber artificial blood vessels prepared from polyurethane materials have been
commercialized. However, for small-diameter (< 6 mm) artificial vessels, the vessels prepared
by existing processes suffer from serious problems such as poor anticoagulation ability and
poor long-term patency [4,5]. Since the polymer artificial blood vessels prepared by spinning
and other means do not have an internal microstructure or the structure is too simple, resulting
in the inability to grow a continuous layer of endothelial cells on the internal surface of the
implanted blood vessels in a short period of time, they can induce platelet adsorption to produce
thrombus and then vascular obstruction and other problems [6–9]. Domestic and international
research has been focused on the bionic processing of artificial vascular microstructures, and
most studies have shown that the bionic microstructures have led to a significant improvement
in the biocompatibility of polymeric materials [10–14]. Professor Seifalian, a famous British
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nanotechnology and tissue repair scientist, pointed out that micro-nano-structured processing is
the main direction for the future development of artificial small-diameter blood vessels [7].

In tissue engineering polyethylene glycol (PEG) hydrogel systems have a wide research value
and their wide range and excellence of mechanical and biological properties leding to their use
in multiple biomedical fields including drug carriers, tissue engineering scaffolds, and wound
dressings [15–18]. Acrylate-derived PEG (PEGDA) can be cross-linked and maintain good
biocompatibility under mild conditions, and such materials have high permeability and high
water-content [19–22]. When the molecular weight and concentration of PEGDA change, a series
of matrix modulus and swelling ratio changes are similar to many soft tissues [23]. In addition,
PEG hydrogels can resist protein-cell adhesion on their surface, thus serving as a biological
template to reduce immune responses, as well as the ability to modify biological properties by
adjusting surface physicochemical properties [24]. The chemical properties of PEG glycols
can be readily adjusted in a controlled manner by altering surface functional groups. It is also
possible to modulate its degradation time in the organism, which can lead to rapid degradation or
long-term stabilization of the carrier [25].

Optical processing technology is of great interest to the processing field for its convenience,
speed and other advantages [2627]. Since its application, laser has been highly valued by the
research field because of a series of advantages such as good directionality, high energy and
monochromaticity [28–30]. Laser processing technology has driven the rapid development
of many fields and has an increasingly wide range of applications [31–33]. In order to solve
the problems faced by the above-mentioned traditional small-diameter blood vessel fabrication
methods, in this paper we use a new small-diameter blood vessel preparation technique, the rapid
rotational exposure photopolymerization method. The UV light is focused in a rotatable cylinder
mold that can be rotated to transmit wavelength light and is filled with a pre-polymerization
solution. Here we have chosen a biologically sound PEGDA with the photoinitiator 2-hydroxy-
2-methylpropiophenone (Daracure 1173) as the pre-polymerization solution, which is rotated
through the mold and processed by UV-curable pre-polymerization system in the axial direction
until the thickness reaches a specified value. Afterwards, the micro-nano structure is processed by
laser double-beam interference on the inner wall of the formed vascular precursors. Multi-beam
interference processing is cost-effective, suitable for batch processing and production, and is
highly accurate, with nanowires with feature sizes of 100 nm being commonly achieved [34–37].
Most importantly, high-precision, multi-layered, and complex micro-nano structures can be
prepared using multi-beam laser interference methods [38–42]. For example, Saulius Juodkazis
and coworkers had achieved biomimetic hierarchical 3D textures by multi-beam interference
lithography [42]. Most of the failures of coronary stents with small diameter vessels are due to
thrombosis and the risk of bleeding when adjuvant intervention is performed with antiplatelet
drugs [4344]. Therefore, we wanted the prepared small-diameter artificial vessels to complete the
endothelialization process rapidly and thus significantly improve their long-term patency in vivo.
We cultured hepatocellular carcinoma cells (hcc) with human umbilical vein endothelial cells
(huvec) on the inner walls of the blood vessels with micro-nano structure and found experimentally
that the use of the micro-nano structures processed by the intervention significantly increased the
number of endothelial cell adhesions and had an effect on the arrangement of cells on the inner
wall. Artificial blood vessels should have more complex structures rather than simple tubular
structures for practical application, and many researchers have made great progress in this field
[4546]. For example, 3D patterns of biocompatible and cross-linkable materials serve as cellular
scaffolds have been successfully achieved by direct laser writing [47]. However, our preparation
method of this simple tubular structure can be used as the research basis for further developing
more complex artificial blood vessel structures in the future.
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2. Results and discussion

2.1. Fabrication of the small diameter vascular prosthesis with a micro-nano structure
by rotary exposure

The schematic diagram of the turntable model for rapid processing of blood vessels was shown in
Fig. 1(a). In order to obtain the artificial blood vessels with adjustable wall thickness, we use the
technology of turntable exposure and cannula to process. We use two glass tubes with different
radii to cover the large tube on the outside of the small tube, and wrap a rubber ring at the bottom
of the small tube to make the distance between the circumference and the large tube equal. The
photo of used equipment was shown in Fig. S1. In the gap, we can add the pre-exposure solution
and complete circular exposure by spinning. The thickness of the inner wall of the vessel was
the inner diameter of the outer tube and the outer diameter of the inner tube, and the radius of
the vessel was the outer diameter of the inner tube. Through the rotation of the motor to drive
the rotation of the cannula, the artificial blood vessel was quickly and evenly solidified from
pre-exposure solution through UV exposure. In this process, a UV lamp with nonadjustable
power and large spot is used. Therefore, we control the exposure dose by controlling the distance
between the sample and the UV light source, exposure time and exposure speed. Through
experiments, we found that when the exposure distance is too close, the obtained artificial blood
vessel will undergo unexpected deformation due to the thermal effect of UV lamp, because the
power of UV lamp cannot be regulated, so it is necessary to find an appropriate exposure position.
When the distance increases, the exposure time needs to increase accordingly, and when the
exposure distance exceeds the critical value, no matter how to increase the exposure time, the
polymerization of pre-exposure solution cannot be completed. The increase of rotating speed
can reduce the single point exposure time and alleviate the thermal effect caused by distance.
Based on the above three points, we found the optimal exposure parameters: the rotating speed is
240 rpm, the exposure time is 5 min and the exposure distance is 10 cm. The power density of UV
light is about 6.5 mWµm−2. Under these parameters, the solution can complete the exposure in a
short time, and the mechanical properties of the vascular precursors are intact without overheating
deformation. The insert of Fig. 1(b) shows the acquired primarily uniform and transparent vessel
with an internal diameter of 5 mm. As shown in the SEM images of the prepared blood vessel
(Fig. S2), the thickness of the tube wall is about 500 µm. And the inner surface structure is
smooth, which can be used to realize further micro-nano structure processing.

Because the artificial blood vessel not only needs good biological properties, but also its
mechanical properties in vivo are very important, we characterized the tensile strength of the
artificial vessel. The maximum uniform plastic deformation resistance of the vessel was tested.
A uniform external tensile force was implemented to the blood vessel, resulting in uniform
deformation of the vessel. With the increase of the force, the fracture surface appears in the
vessel, and the tensile force per unit area is the tensile strength of the vessel. Its expression is σ
b=Fb/S0 (MPa), σb is tensile strength, its unit is MPa, Fb is the maximum tensile force (N) of
the sample, and S0 is the original cross-sectional area of the ring. The re-exposure solution is
mainly composed of PEGDA and water. Adjusting the ratio of PEGDA and water can obtain
excellent mechanical properties. When the ratio is 1:1.7 the vessel has the best mechanical
properties, The test results are shown in Fig. 1(b). The maximum tensile strength of the prepared
vessels is 0.60 MPa and that of commercial vessels is above 0.65 MPa. It can be seen that the
synthetic vessels basically meet the requirements. The effect of exposure time on wall thickness
and maximum bearing pressure is shown in Table S1. The appropriate water content is also
important for the morphology of the inner wall of vessels. When the water content is high, the
inner wall ranges rise and fall after dehydration and drying greatly, and the morphology presents
two levels of roughness (Fig. S3). The first level mainly shows a large range of fluctuation, and
the second level morphology is mainly characterized by densely distributed folds on the surface,
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Fig. 1. (A) Scheme of preparation of the small diameter blood vessel. (B) The mechanical
properties of the vessel after UV exposure with a water and PEGDA ration of 1:1.7. The
insert is the acquired small diameter blood vessel with a internal diameter of 5 mm. The
SEM images of different periodic structures formed by double beam interference on the
inner surface: 2 µm stripe (C), 4 µm stripe (D), and 4 µm grid (E).
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which is of great significance for the construction of artificial blood vessels with multi-level
micro-nano structure.

The most effective way to improve the endothelialization process in small-diameter artificial
vessels is to process the micro-nano structure on the inner surface of the vessel. When the
processed micro-nano structure resembles the structure of the real vessel lining, in vivo tissue
cells will more easily infiltrate from the outer side of the vessel and participate directly in the
endothelialization process. Here, we use simple and efficient laser double-beam interference to
fabricate the micro structure on the anterior surface of small caliber blood vessel, the scheme is
shown in Fig. S4. When preparing the micro-nano structure on the inner wall, adjust the optical
path so that the focus of the double beam falls on the inner surface of the artificial blood vessel
precursor; adjust the rotating speed to 30 rpm, turn on the 355 nm laser (8.1 mWµm−2), rotate
the turntable for one circle, and then close the shutter to complete the preparation of inner wall
microstructure. Figure 1(c) and (d) are the SEM images of the processed structures with different
period spacing of 2 µm and 4 µm. It can be seen that the structures with different periods are
complete and the undulation height is obvious, while Fig. 1(e) is the grid-like structure formed
by rotating the processing Table 90 degrees after a single processing.

According to Fig. 1(c)–Fig. 1(e), in addition to the periodic structure formed by interference,
the surface of the material also has nanoscale undulating folds after dehydration and drying, which
are caused by local uneven dehydration on the surface of the material. Although the degree of
undulation varies, the overall undulation pattern is coherent, and no phenomenon such as fracture
surface that destroys the function of the material is observed. The surface periodically microscale
structure co-existed with the nanoscale structure formed by dehydration and contraction, and the
complexity and variability of the structure resembled the complex structure in living organisms,
which might further increase the biocompatibility of the synthesized vascular lining. Although
the biological toxicity of the photoinitiator Daracure 1173 used in our manuscript has not been
carefully studied, with the progress in materials science and biomimetic processing, we believe
that there will be many biosafety materials suitable for the preparation of artificial blood vessels
and other artificial organs [4849].

2.2. Culture of hcc and huvec on the micro-nano surface

To explore the effect of processed micro-nano structures on the process of vascular endothelializa-
tion, we performed adsorption experiments using hcc and huvec on the surface of the blood vessels
with micro-nano structures to explore the effect of different cycles and different morphological
micro-nano structures on overall cell growth, proliferation, and normal physiological activities.
Because alcohol immersion is needed before cell culture, we need to explore the effect of alcohol
immersion on the microstructure of artificial blood vessels. As shown in Fig. S5, there is no
obvious change in the microstructure of the material surface before and after immersion, which
shows that the immersion treatment will not destroy the microstructure formed on the material
surface.

The statistics of hepatocellular carcinoma cells cultured was shown in Fig. 2 on the surface of
structureless, 4 µm-streaked structural, and grid-like structural PEGDA vessel substrates for 1 h,
24 h, 48 h, and 72 h at different times. The number of cells seeded in the medium was the same,
and it can be clearly seen that the morphology of the cells was intact without a large number of
dead cells on both structured and unstructured surfaces, thus indicating that the material itself
was not toxic to the cells. The value-added rate of cells on the structured surface was significantly
higher than that on the unstructured surface, and the tiling effect of cells on the structured surface
was also higher than that on the unstructured surface. However, no difference was found between
the effect of striated and latticed structures on cell proliferation tiling.

Figure 3 shows the adsorption experiments using huvec on the material surface, where the
adsorption of endothelial cells can barely be seen on the structureless surface. As for the structured
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Fig. 2. Statistics of the number of cancer cells (a) and the tiling rate (b)on three different
PEGDA surfaces. Red is the unstructured surface, light blue is the striped-structure surface,
and dark blue is the grid-structure surface.

surface, the overall cell adsorption was enhanced compared to the structureless one. However,
the growth conditions of huvec were significantly harsher than those of hcc, and although the
adsorption of cells on the surface of the structure was completed, the cell morphology did not
fully unfold. A possible explanation is the fact that the charge on the surface of the material was
the same as that of the cells, resulting in the cells not being fully compatible on the surface of the
material. Therefore, we used plasma to treat the surface of the material, followed by pH treatment
to reach the normal acid-base level of the cells before adsorption culture, and the results were as
expected, the endothelial cells not only adsorbed on the surface of the material, but also the cell
morphology improved to a great extent compared with the untreated material, as shown in Fig. 4.
Fig. S6 shows the large field of view microscopic images of endothelial cells adsorbed on the
surface of structured and unstructured materials after plasma treatment, and it can be seen that
there is a significant difference in the number of cells on the structured and unstructured surfaces,
indicating that materials with microstructures are more likely to adsorb endothelial cells. This
indicates that the microstructures processed on the inner surface of the artificial vessels have a
significant improvement on the endothelialization process of the vessels, and the modification
treatment on the surface can further improve the biocompatibility of the prepared vessels.

To clarify the effect of surface plasma treatment on the cell adsorption, the charge distribution
on the surface was measured by electro acoustic pulse method. As shown in Fig. 5, the surface
charge of the PEGDA before and after plasma treatment is quite different. After light processing,
the surface electrons of PEGDA are trapped by traps in the medium to form space charges. The
so-called trap is actually the center of attraction of charge. Any place where the center of positive
and negative charge action does not coincide in molecular structure may form traps. For example,
impurities, chain breaks, bonds of different atoms can cause the center of positive and negative
charge action not to coincide. The charge falling into the trap can no longer move in the electric
field due to the electrostatic action of the heteropolar charge, so that the space charge effect will
be formed in the medium. Comparing the spatial charge distribution of the three samples, it
can be seen that the surface space charge of the PEGDA material is obviously reduced, and the
decrease of the space charge makes the cells more easily gathered on the surface of the material.
The results show that the processing time has a significant effect on the accumulation of space
charge.
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Fig. 3. The cell proliferation and arrangement of huvec on the striated and grid-like surface
of 4 µm periodic periods (scale bar: 200 µm).

Fig. 4. The cell proliferation and arrangement on the surface of huvec with different culture
time after surface plasmon treatment (scale bar: 200 µm).
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Fig. 5. The charge distribution on the 4 µm striated and grid-like surfaces without plasma
surface treatment (a), or with treatment for 1 min (b) and 5 min (c)

3. Conclusions

We designed a new photopolymerization technique for processing small-diameter artificial blood
vessels with microstructured inner walls by rotational exposure combined with double-beam
interference. The endothelial cell adsorption experiment shows that the vascular can rapidly
complete the endothelialization process, which greatly reduces the probability of thrombus
blockage in vivo and improves the long-term patency rate. This method provides a new idea for
fast and simple preparation of small-diameter blood vessels with high patency and stability.

4. Materials and methods

Materials: Polyethylene glycol diacrylate (PEGDA) and 2-hydroxy-2-methylphenylacetone
(Daracure 1173) used in the experiment were purchased from sigma Aldrich.

Preparation of vascular precursors: Firstly, it is necessary to configure the pre-exposure
solution under dark room conditions. The PEGDA solution was slowly added into the brown
glass bottle, then a certain amount of photoinitiator (Daracure 1173) was added, so that the mass
ratio of PEGDA to 1173 is 20:1. Then distilled water was added to it, mix the solution quickly
and evenly, keep it away from light for more than 3 hours, wait for the solution mixing process to
dissolve into the pre-exposure. The gas in the solution is completely discharged.

Preparation of blood vessels: After the rotary table equipment was built, the pre-exposure
solution was moved into the casing spacer layer and the exposure time, exposure distance and
exposure speed were adjusted. Then the rotary table was started under the UV lamp equipment
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(Shanghai Jiguang lighting equipment factory, Rated Power 350W) for exposure curing. After
the exposure was completed (rotating speed 240 rpm, exposure time 5 min, exposure distance
10 cm, 6.5 mWµm−2), the UV lamp was turned off, the rotary table was stopped, the cannula was
removed, and the exposed vascular precursors was slowly removed with forceps. The vascular
precursors without inner surface micro-nano structure processing were obtained.

Preparation of small-diameter vessels with internal microstructure: A split-amplitude model
optical path was built, so a wider range of interference apertures was obtained in a single pass
with a larger range of interference patterns. The beam generated by nanosecond laser (355 nm,
Quanta-Ray-150, Spectrum-Physics, USA) was amplitude-separated using a half-transverse,
half-transmissive beam splitter, so that the two beams of light with the same frequency and
amplitude were basically the same. The two related beams were then focused on the inside of the
vessel wall through a reflectors and lens.

After rotational exposure the inner tube was removed, the outer cannula was attached directly
to the turntable with the vascular precursor and placed into the optical path as a whole. Before
laser double-beam interference processing, the optical power was tested and adjusted using a
laser high-power meter to stabilize it at about 300 mW.

A small amount of pre-exposure solution was added to the inside of vascular precursor wall,
and the rotary table was started and adjusted to 480 rpm for 3 min. The power density of laser
is about 8.1 mWµm−2 The pre-exposure solution was evenly distributed on the inside of the
tube wall at high rotation speed, and then the rotation speed was adjusted to 30 rpm, which was
intermittent at low rotation speed due to the periodicity of the square wave. This ensures that the
laser interferes with the surface for a long time, allowing the material to be fully cured.

Adsorption experiment of endothelial cells on the inner side of the tube wall: The artificial
blood vessel with microstructure on the inner surface prepared by rotary exposure was cut into
blocks that could be put into a 6-well plate and put into 75% medical grade alcohol for 6 hours of
immersion soaking, and then immersed in saline (0.9%) for 24 hours. The medium and cells
corresponding to the serum need to be placed at room temperature (25-27°C) half an hour before
use, close to human body temperature before use. The culture medium was dropped onto the
new 6-well plate at 800 uL per well, and serum proportionally was added. The vascular block
structure was put into the 6-well plate, and the culture medium with cells was added. The culture
was incubated for 1 day and then observed.
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